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A cold-pressing technique has been developed for fabricating composites composed of a polytetrafluoroethylene-polymer matrix and a wide range of volume-fractions of MnZn-ferrite filler (0%-80%). The electromagnetic properties at centimetre wavelengths of all prepared composites exhibited good reproducibility, with the most heavily loaded composites possessing simultaneously high permittivity (180 ± 10) and permeability (23 ± 2). The natural logarithm of both the relative complex permittivity and permeability shows an approximately linear dependence with the volume fraction of ferrite. Thus, this simple method allows for the manufacture of bespoke materials required in the design and construction of devices based on the principles of transformation optics.
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[http://dx.doi.org/10.1063/1.4824039] Commercial soft ferrites, first produced by Snoek and co-workers 1 during the 1940s, have found many uses over the years due to their high permeability at low frequencies, in areas as diverse as telecommunications and antenna systems. Commercially available ferrites, such as spinel MnZn have been investigated extensively in both sintered and composite form. [2] [3] [4] [5] [6] The real part of the relative permeability, (μ r ), of sintered MnZn ferrite is high (∼1000) up to a few MHz, but decreases rapidly above this cut off frequency, thereby restricting its useful application. On the other hand, ferrite composites in which the ferrite grains are embedded in an insulating host matrix can have a larger μ r at higher frequencies than the sintered material. For example, μ r of MnZn-ferrite composites is typically of the order of 20 up to 100 MHz, 7 above which it decreases. This strong frequency dispersion (of both sintered and composite materials) is in accordance with Snoek's law, 8 which states that an increase in the static permeability leads to a decrease in the cut off frequency, and vice versa. It arises from two separate phenomena: gyromagnetic spin precession and domain wall motion.
The relative real permittivity (ε r ) of ferrites in their sintered and composite form vary significantly, for example, ε r of sintered NiZn ferrite can be above 2000 up to approximately 1 kHz, above which, it drops off rapidly. 9 NiZn ferrite composites have a reduced ε r of approximately 7 (for a 50% vol. sample) up to 18 GHz, the cut off frequency, dictated by the hopping frequency of electrons within the semiconducting ferrite grains. 10, 11 Thus by moving from sintered to composite ferrimagnetic materials, it is possible to obtain non-dispersive high permittivity values over a greater frequency range.
Although there have been many investigations into ferrite-powder-polymer composites, 12, 13 it is rare that PTFE (Polytetrafluoroethylene) is chosen as the matrix material. PTFE is unusual when compared with other common polymers, such as nylon, Perspex, PPS (polyphenylene sulphide), and polypropylene, due to its ability to form a compact solid when the powdered form is compressed 14 heated a 45% vol. mixture of ferrite in a PTFE matrix to 350
• C for 6 h before compressing the mixture to form a compacted solid. Cold pressed PTFE composites have been exploited by Youngs 15 to produce dielectric composites; however, the% vol. of filler was only varied between 1% and 10%.
While the production of low volume fraction (below 50% vol.) ferrite composites can be trivially achieved by mixing ferrite powders with elastomers before curing, 16 producing high volume fraction (above 70% vol.) composites is more challenging due to the viscosity of the mixture increasing. For example, Tsutaoka details a recipe for producing composites with volume fractions up to 75% vol. of filler using a PPS host matrix that involves mixing the two powders, melting the composite at up to 300
• C before pressing the mixture at 1000 kg/cm 2 while allowing it to cool over a 30 min period. In addition to this added complexity, air can become trapped in the sample, altering the density and electromagnetic properties of the composite. In order to achieve even higher% vol. samples, porous sintered ferrite composites are often used. These air-ferrite composites require temperatures of approximately 1150
• C to sinter the powder.
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In this study, a method is demonstrated for producing PTFE-ferrite composites with% vol. fractions of ferrite filler between 0% and 80%. Previous methods for producing composites across a wide range of volume fractions 18 use different matrix materials and methods depending on the% vol. of filler. This is problematic as direct comparisons between samples manufactured using different techniques cannot be made. Our method provides a simple and reliable method for fabrication of electromagnetic materials with user-specified μ r and ε r values, important in the field of metamaterials. The technique can be extended to many different filler materials and more complex, for example three part, composites and avoids the need to use elevated temperatures.
The ferrite chosen for this study was a commercially available sintered MnZn ferrite powder (grade F44) supplied by MagDev Ltd (UK). Using x-ray diffraction, the phase composition was found to be Zn 0 .2Mn 0 .8Fe 2 O 4 with some minor impurity phases (Fe 3 O 4 , Fe 2 O 3 , MnO). The static μ r and ε r as specified by the manufacturer were 1.5 × 10 3 and 1.0 × 10 5 , respectively. The median ferrite particle diameter determined by laser diffraction with the powder dispersed in deionised water using an ultrasonic probe (Mastersizer2000, Malvern Instruments Ltd, UK) was 35 μm, while the range of particle sizes spanned from <1 μm to 500 μm, with the mass mean particle diameter of the PTFE powder determined by the manufacturer (Sigma Aldrich Ltd.) to be 35 μm.
MnZn ferrite (filler) and PTFE (matrix) powders were mixed together with filler volume ratios ranging from 10% to 80%, and pressed in a steel mould under 55 MPa for 300 s. Five pairs of samples were made for each ferrite fraction to verify reproducibility.
A stripline technique developed by Barry in 1986 19 was used to characterise the ferrite-composite samples, with one half of each sample-pair positioned above the signal line, and the other half below. The stripline is connected to a calibrated vector network analyser (VNA) that quantifies the complex reflection and transmission amplitude coefficients of samples. From the complex reflection and transmission amplitude coefficients together with the frequency and the thickness of the sample, the relative complex permittivity (ε r ) and permeability (μ r ) can be obtained using the Nicholson, Ross, Weir (NRW) extraction method. 20, 21 One sample from each pair has a channel milled down its centre to fit the stripline. This eliminates air gaps between opposite sample faces on either side of the central signal line. The top and bottom faces of each sample are metalized over the area intended to be in contact with the stripline by depositing by vacuum evaporation 60 nm of silver (see Figure 1 ). This provides a continuous conducting plane at the boundary of the composite sample, and ensures that any remaining small air gaps between the high permittivity samples and the stripline electrodes, arising from surface roughness or errors associated with the milling process, are shorted out. The capacitance associated with such gaps, even if of order 10 μm in an otherwise filled system would alter the results significantly for high ε r samples, and lead to erroneous extracted ε r values.
Backscattered scanning electron microscopy (840A SEM, JEOL -tungsten filament at 20 kV) images (Figure 2 ) of ferrite composites for (a) and (b) 10% vol. filler and (c) and (d) 70% vol. filler were examined to visualise ferrite particle distribution in the PTFE matrix. Samples were cut using a diamond saw (Isomet 1000, Buehler), mounted using silver paint, and coated with a thin layer of carbon to prevent charging in the SEM. The images show ferrite particles as light regions in the darker PTFE matrix. Although there is evidence of agglomeration of ferrite particles, as well as a slightly uneven distribution, the PTFE has spread throughout the ferrite sufficiently such that there were no large clusters of MnZn ferrite particles.
The mass densities, ρ, of the samples were established by determining the volume (using vernier calipers, capable of measuring to within 0.01 mm, the width, thickness, and length of samples were measured at 3 different positions along each axis and averaged.) and weight (using an electronic balance sensitive to within 0.1 g). These experimental values were compared with calculated densities to verify whether cold pressing had eliminated all air gaps (Table I) . To within the accuracy of measurement, all samples had the expected density, demonstrating that this cold pressing method produces fully dense samples across the full range of ferrite fractions.
Results for the average ε r and μ r of each set of five samples at 50 MHz for the different% vol. concentrations are listed in Table II .
It is well known that applying high pressures to soft ferrimagnetic materials such as MnZn ferrite can alter their magnetic response 22 by introducing additional anisotropy, causing a shift in the gyromagnetic frequency. Since the fabrication process involves high pressure compression of a powder mix followed by subsequent milling some variations between samples are likely to be exhibited, particularly in μ r results.
The average ε r as a function of frequency for five pairs of samples at each volume concentration is shown in Figure 3(a) . For all samples, ε r remains approximately constant up to a cut-off frequency. Although ε r increases with increased% vol. of filler, the cut-off frequency for all the composites is also approximately the same. This is due to the ferrite powder consisting of semi-conducting grains encapsulated by dielectric layers. At low frequencies, electron hopping occurs between Fe 3+ and Fe 2+ on the octahedral sites. 23 The electrons reach the phase boundaries between the ferrite and PTFE through hopping and thus accumulate at these phase boundaries, which results in interfacial polarization. As the frequency is increased, the hopping frequency increases until the electrons can no longer follow the applied electric field causing ε r to drop. 9 The frequency dispersion of μ r is displayed in Fig. 3(b) , it is approximately constant from 10 MHz to 100 MHz for high vol.% samples, and from 10 MHz to 1 GHz for low vol.% samples before dropping rapidly as the gyromagnetic resonance frequency is approached. The simultaneously high ε r and μ r values at low frequencies make this material an excellent candidate to produce ultra-high refractive index and impedance matched materials required in the field of transformation optics.
The Lichtenecker mixing formula is a widely used empirical and analytical model for predicting the filler fraction dependence of ε r (Eq. (1)) and μ r (Eq. (2)) of well dispersed composite materials, 24, 25 ln(ε composite ) = f ln(ε MnZn )
Here f is the volume fraction of ferrite, ε composite and μ composite are the relative permittivity and permeability of the composite, ε MnZn and μ MnZn are the relative permittivity and permeability of the bulk MnZn ferrite, and ε PTFE and μ PTFE are the relative permittivity and permeability of bulk PTFE. Figure 4 illustrates the validity of the Lichtenecker mixing formula for our data by demonstrating the linear relationship between the natural logarithms containing ε r (a), ε r (b), and μ r and μ r (c), against% vol. of the ferrite filler. From Figure 4 it is possible to predict ε r and μ r for this ferrite composite at all% vol. Note that this logarithmic mixing law has been shown previously for a range of materials including carbon fibre, γ -Fe 2 O 3 , and carbonyl iron composites. [26] [27] [28] To fit to our measurements of ε r in Figure 4 (a), we utilize the relationship stated in Eq. (3). Here we assume the relative imaginary permittivity of the PTFE is zero and that it may be neglected for the ferrite as the real part is significantly higher than the corresponding imaginary part
where ε MnZn is the real part of the relative permittivity of the pure ferrite, ε PTFE is the real part of the relative permittivity of the pure PTFE, f is the volume fraction of the ferrite, and ε composite is the real part of the relative permittivity of the composite at a given volume fraction of ferrite. The relationship was obtained as a result of a first order approximation assuming ε MnZn ε MnZn in the Lichtenecker formula. A first order approximation is possible in this case as MnZn ferrite composites have a dielectric loss tangent of ∼0.03 (at 80% vol.) or smaller, classifying them as low dielectric loss materials. In order to obtain ε r , the following relationship is used:
where ε MnZn is the ε r of the pure ferrite, and ε composite is the ε r of the composite at a given volume fraction of ferrite. This relationship was obtained by substituting ε r into the Lichtenecker mixing formula, and assuming ε im PTFE = 0. The real and imaginary parts of μ r cannot be separated in the same way as for ε r as the imaginary part is not much smaller than the real part. From the Lichtenecker formula, the natural log of the sum of squares for μ r and μ r verses the volume fraction gives a linear relationship. This has been presented graphically in Fig. 4(c) and analytically using the following relationship (assuming μ r of PTFE is 1):
where μ composite is the relative real permeability of the composite, μ composite is the relative imaginary permeability of the composite, μ MnZn is the relative real permeability of bulk ferrite, and μ MnZn is the relative imaginary permeability of bulk ferrite.
To extract the value of μ r at 100% vol. of filler, two relations containing both μ r and μ r terms are solved simultaneously. From the straight line fit from Fig. 4(c) we find
Also the average magnetic loss tangent for all 5 data sets (10%, 30%, 50%, 70%, and 80% vol.) is μ composite μ composite = 1.8 ± 0.04.
This simple extraction of effective μ r and ε r for 100% vol. of ferrite allows the estimation of the electromagnetic properties of ferrite composites with any% vol.
In summary, a cold pressing method for producing ferrite-PTFE composites for filler fractions from 0% to 80% has been reported. The simplicity and reproducibility of this method across the full range of filler fractions has been demonstrated by comparing the electromagnetic response of independently manufactured samples. The simultaneously high static permittivity (180 ± 10) and permeability (23 ± 2) of 80% vol. composites can be used to create high refractive index and impedance matched devices important in the field of transformation optics. Data for both permittivity and permeability accord well with the simple Lichtenecker formula, enabling it to be used to predict desired material properties. The cold pressing method used the same matrix material and sample manufacture technique across the full range of volume fractions and can be extended for use with a variety of different filler materials.
